Quantitative coronary angiography was performed manually. Results-For both groups coronary blood flow velocity remained relatively constant over a range of physiological diastolic blood pressures and showed a steep relation with diastolic blood pressure during maximal hyperaemia with intracoronary adenosine. Absolute coronary blood flow (calculated from quantitative angiographic data), standardised for left ventricular mass, showed reduced flow in the hypertensive group at rest and during maximal vasodilatation. Conclusion-The results are consistent with an inadequate blood supply to the hypertrophied heart, but no upward shift of the lower end of the autoregulatory range was observed. (Heart 1996;75:369-376) Keywords: left ventricular hypertrophy; coronary blood flow; hypotension
Abstract
Background-Left ventricular hypertrophy is associated with an increased risk of cardiovascular morbidity and mortality. Previous Quantitative coronary angiography was performed manually. Results-For both groups coronary blood flow velocity remained relatively constant over a range of physiological diastolic blood pressures and showed a steep relation with diastolic blood pressure during maximal hyperaemia with intracoronary adenosine. Absolute coronary blood flow (calculated from quantitative angiographic data), standardised for left ventricular mass, showed reduced flow in the hypertensive group at rest and during maximal vasodilatation. Conclusion-The results are consistent with an inadequate blood supply to the hypertrophied heart, but no upward shift of the lower end of the autoregulatory range was observed. (Heart 1996; 75:369-376) Keywords: left ventricular hypertrophy; coronary blood flow; hypotension The clinical suspicion that the hypertrophied heart has an inadequate coronary circulation is supported by the frequent observation that patients with arterial hypertension have angina pectoris and manifest an abnormal exercise test' or thallium scan2 even in the absence of angiographic coronary artery disease. The pathophysiological background to this is considered to be increased coronary vascular resistance and a reduced coronary reserve.345 Indeed, the segmental perfusion defects seen during thallium scintigraphy may be explained by differences in coronary reserve between major epicardial vessels. 6 Cineangiography was undertaken at baseline and peak hyperaemia, using magnified views obtained in the 10 or 400 left anterior oblique projections with 10 ml of iopamidol delivered at 3 ml/s by a power injector.
Blood pressure was modified within the range of pressures defined by prior ambulatory monitoring. At each steady state blood pressure, variables were measured at baseline and peak hyperaemia, at the resting sinus rate and the atrial pacing rate of 100 beats/min. Blood pressure was increased by incremental peripheral infusion of phenylephrine (1 mg in 500 ml 5% dextrose: dosage range 90-360 ml/h) (three controls and three patients with hypertension) and reduced by incremental infusion of sodium nitroprusside (50 mg in 250 ml 5% dextrose: dosage range 5-50 ml/h) (all participants). The mean number of paired measurements of velocity/participant was 11 3 (6 6) in the control group and 14-4 (3-6) in the hypertensive group.
The protocol was subsequently modified to permit assessment of the effects of sodium nitroprusside on the coronary circulation. Sodium nitroprusside was administered by intracoronary infusion at a rate of 100 ml/h in incremental concentrations of 0 1, 1, and 10 mg/l. After each dose had been infused for 2 min, coronary blood flow velocity was recorded at a paper speed of 100 mm/s and cineangiography was undertaken. Table 1 lists the demographic details of patients included in the study. There was a trend for patients with hypertensive left ventricular hypertrophy to be older than the control group. Raised blood pressure had been documented for a mean of 10-1 years in the hypertensive group. While all the patients in the control group required coronary angiography for the diagnosis of chest pain, a history of either typical angina or exertional dyspnoea could be elicited in all but one of the patients with hypertension. No patient included in the study had evidence of previous myocardial infarction. The principal reasons for exclusion from the study were asymptomatic carotid artery disease (five patients) and significant coronary artery disease at coronary angiogra- Figure 2 shows the relation between coronary blood flow velocity and diastolic blood pressure for the control group. Overall, coronary blood flow velocity at rest appears to be relatively constant over a range of diastolic pressures (gradient 0-08 cm/s/mm Hg), consistent with the concept of autoregulation. In contrast, coronary blood flow velocity during peak hyperaemia induced by intracoronary adenosine is strongly dependent on diastolic blood pressure (gradient 0 39 cm/s/mm Hg).
For comparison, fig 3 shows the relation between coronary blood flow velocity and diastolic blood pressure for the hypertensive group. Under resting conditions, coronary blood flow velocity seems relatively independent of diastolic blood pressure and quantita- tively similar to that in the control group (gradient 0-06 cm/s/mm Hg). During controlled hypotension, no threshold or critical diastolic blood pressure could be determined. Peak coronary blood flow velocity was strongly determined by diastolic blood pressure (gradient 0* 18 cm/s/mm Hg). The slope of the coronary blood flow velocity/diastolic blood pressure relation was less steep in the hypertrophy group than in controls (0-18 v 0-39 cm/s/mm Hg), although the difference was not statistically different. The coronary flow reserve (the ratio of peak to rest coronary blood flow velocity) was calculated for three arbitrary intervals of diastolic blood pressure. There was a variety of results, with no significant differences either within, or between, the control and hypertensive groups (diastolic pressure < 75 mm Hg: 3-64 v 4-29; 75-100 mm Hg: 3-67 v 4-27; > 100 mm Hg: 3.55 v .
If the assumption is made that the proportion of left ventricular myocardial flow supplied by the left coronary artery is the same in the control and hypertensive groups, an estimate of the coronary blood flow velocity (or volumetric flow)/g of left ventricular mass can be made. Figures 4 and 5 show the relation between diastolic blood pressure and coronary blood flow velocity corrected for echocardiographic left ventricular mass. Under resting conditions coronary blood flow velocity/gram tissue is relatively independent of blood pressure and there was a trend for lower values in the hypertensive group. In contrast, during peak hyperaemia, the slope of the coronary blood flow velocity/gram tissue/diastolic blood pressure relation was significantly reduced in the hypertensive group (analysis of covariance, P < 0 001). The incremental intracoronary infusion of sodium nitroprusside was well tolerated. Resting coronary blood flow velocity remained unchanged at 6-5 cm/s despite doses of up to 1 mg/h. At baseline blood pressure, in the control and hypertensive groups (resting heart rate 75-5 (13-9) v 69-2 (11-6) beats/ min), atrial pacing at 100 beats/min had minimal effect on resting (controls: paced 9-0 (3-4) v unpaced 7 6 (3v1) cm/s; hypertensive group: 10-6 (4-7) v 9-2 (3-8) cm/s) and peak coronary blood flow velocity (controls: 30-2 (9-5) v 29-2 (9-6) cm/s; hypertensive group: 30-9 (12-6) v 32-9 (11-3) cm/s). Atrial pacing was poorly tolerated by the two patients with hypertension and left ventricular dysfunction who responded with a decrease in diastolic blood pressure.
QUANTITATIVE CORONARY ANGIOGRAPHY Figure 6 shows the repeatability of the technique for measurement of coronary vessel internal diameter. The difference in measured diameter is plotted against the average diameter. Intracoronary adenosine, in doses sufficient to cause maximal hyperaemia, produced little change in the diameter of the proximal left coronary system (fig 7) . The incremental intracoronary infusion of sodium nitroprusside produced a parallel increase in vessel diameter, but the diameter change with the highest dose (1 mg/h) did not exceed the coefficient of repeatability for the measurement technique.
VOLUMETRIC CORONARY FLOW
Blood flow to the left coronary system at baseline blood pressure was calculated from the measured coronary blood flow velocity and from quantitative angiographic data (table 2) . Under resting conditions there was a trend for absolute blood flow to be greater in patients with hypertension, but during peak hyperaemia flow was similar in the two groups. Left coronary blood flow, corrected for echocardiographic left ventricular mass, was significantly lower in the hypertensive group at rest and during peak hyperaemia.
INFLUENCE OF LEFT VENTRICULAR GEOMETRY
When the hypertensive group was subdivided using relative wall thickness, those with eccentric hypertrophy had increased systolic and diastolic wall stress (table 1) Table 3 gives the quantitative impact of variations in the percentage of peak left ventricular blood flow supplied by the left coronary artery using simplified data. An enormous systematic difference in the proportion of the left ventricular flow from the left coronary artery would be necessary to account for the differences in calculated "peak flow/left ventricular mass" on a basis other than a real difference in coronary flow/g tissue between the control and hypertrophied groups. Given the increase in interstitial fibrosis associated with severe left ventricular hypertrophy, however, we cannot estimate from the current data the reduction in coronary blood flow to the myocytes of the left ventricle.
While myocardial oxygen consumption could not be determined in this study, the calculated decrease in systolic wall stress in patients with concentric hypertrophy may have contributed to the observed reduction in resting coronary flow/left ventricular mass in the hypertensive group (table 2). The contribution of extravascular compressive forces to the abnormal coronary haemodynamics, as well as the role of primary microvascular abnormalities, whether structural78 or due to impaired endothelium dependent control,9 10 
